Introduction
============

Coordinated reciprocal interactions between specific hypothalamic and brainstem neuronal groups are involved in the generation of electrographic and behavioral aspects of sleep and wakefulness (S--W). Non-rapid eye movement (NREM) sleep-related neuronal groups in the medial and ventro-lateral preoptic areas of anterior hypothalamus, and wakefulness related neuronal groups in the basal forebrain, posterior hypothalamus, and brainstem impart mutual inhibitory signals (McGinty and Szymusiak, [@B45]; Saper et al., [@B63]; Saper, [@B62]; Jha and Mallick, [@B29]). As a result, one of the circuitries remains up-regulated when the other is down-regulated (McGinty and Szymusiak, [@B45]; Saper et al., [@B63]; Saper, [@B62]; Jha and Mallick, [@B29]). Several reports suggest that the activation of the arousal system induces alertness by down-regulating the executive circuitries of NREM sleep (McGinty and Szymusiak, [@B45]; Saper et al., [@B63]; Saper, [@B62]). Similarly, NREM sleep appears after deactivation of arousal system by NREM sleep-related neurons (McGinty and Szymusiak, [@B45]; Saper et al., [@B63]; Saper, [@B62]; Jha and Mallick, [@B29]). Additionally, there are neuronal groups in the brainstem \[the tegmental cholinergic neurons, locus coeruleus (LC) norepinephrinergic (NE-ergic), and dorsal raphe nucleus (DRN) serotonergic (5HT-nergic) neurons\] that regulate rapid eye movement (REM) sleep (Aston-Jones and Bloom, [@B3]; Jha and Mallick, [@B29]). Two distinct neuronal populations unique to REM sleep have been identified in the brainstem: REM-ON neurons in the tegmental area (exclusively fire during REM sleep) and REM-OFF neurons in LC and DRN (remain silent during REM sleep; Hobson et al., [@B24]; Trulson and Jacobs, [@B69]; Aston-Jones and Bloom, [@B3]; Sakai and Koyama, [@B61]). REM-ON and REM-OFF neurons mutually inhibit each other for REM sleep regulation (Hobson et al., [@B25]). It is evident that progression to sleep from wakefulness requires the simultaneous inhibition of multiple arousal systems while the deactivation of the sleep center begets alertness. However, it is still ambiguous how NREM sleep sporadically leads to REM sleep.

Although several theories have been proposed regarding REM sleep generation, the neural processes participating in the transition from NREM to REM sleep are still obscure. Hobson et al. ([@B25]) originally reasoned a reciprocal interaction between the REM-ON and REM-OFF neurons for REM sleep generation. Subsequently, several modified and elaborated propositions have been made (Sakai, [@B60]; Mallick et al., [@B40]; Lu et al., [@B38]). Now a well-acknowledged fact is that the cholinergic REM-ON neurons in the latero-dorsal (LDT) and pedunculopontine (PPT) tegmental nuclei inhibit the REM-OFF neurons of LC and DRN to initiate REM sleep (Figure [1](#F1){ref-type="fig"}). Similarly, the activated aminergic REM-OFF group of cells inhibit REM-ON neurons (Figure [1](#F1){ref-type="fig"}), which either terminates REM sleep (if the subject is already in REM sleep) or does not allow REM sleep to occur (Singh and Mallick, [@B64]). Such phenomenon helps us to understand the mechanism for REM sleep maintenance; yet it does not explain the precise neural events participating in state transition from NREM sleep to REM sleep.

![**Widely accepted model of reciprocal interaction between aminergic REM-OFF neurons of LC and cholinergic REM-ON cells of LDT and PPT**. It has been proposed that activated LC REM-OFF cells inhibit REM-ON neurons in LDT and PPT, which does not allow REM sleep to occur. Hyperpolarization of REM-OFF cells in turn causes disinhibition of REM-ON neurons, which may initiate REM sleep. (Abbreviation -- LC, locus coeruleus; LDT, latero-dorsal tegmentum; PPT, pedunculopontine tegmentum; (−), inhibitory circuitry).](fneur-03-00019-g001){#F1}

In addition to their role in REM sleep regulation, LC neurons modulate several physiological functions, for example, pulmonary ventilation, thermoregulation, autonomic regulation, etc (Morilak et al., [@B50],[@B51]; Dean et al., [@B17]). The LC contains high proportions of chemosensitive neurons (Pineda and Aghajanian, [@B56]) and focal acidification of LC stimulates pulmonary ventilation and blood pressure (Coates et al., [@B15]). The brainstem respiratory rhythm generator and CO~2~, both modulate the excitability of LC neurons (Ballantyne and Scheid, [@B7]; Dean et al., [@B17]). For example, progressive increase in CO~2~ concentration excites LC neurons but interestingly, if the increased level persists, it turns-off the neurons (Dean et al., [@B17]). The brain CO~2~ level gradually increases as NREM sleep progresses (McKay et al., [@B46]) and increased CO~2~ excites the chemosensory neurons including those in LC (Dean et al., [@B17]) to help prevent hypercapnia. In view of the fact that high concentration of CO~2~ for a sustained period switches-off LC neurons, it is likely that during prolonged and stable NREM sleep period, the elevated CO~2~ level may stay for a while (Trinder et al., [@B68]) and may instead turn-off LC neurons including the population of REM-OFF neurons. It has been proposed that cessation of LC REM-OFF neurons disinhibit brainstem REM-ON neurons, which further helps initiate REM sleep over NREM sleep (Jha and Mallick, [@B29]). In this review, we assess the viable role of physiological CO~2~ level in state transition from NREM sleep to REM sleep. We reason that the critically elevated CO~2~ level for sustained period during NREM sleep may facilitate the cessation of LC REM-OFF cells, an obligatory condition for REM sleep to occur. Further, we propose that one of the functions of REM sleep is to maintain normal brain CO~2~ level during sleep for a sustained and unperturbed slumber.

Why Do We Need Uninterrupted but Composite Bimodal Sleep?
=========================================================

Prolonged wakefulness and/or frequent arousal from sleep, equally and independently, affect several physiological and behavioral functions. Repetitive arousal from sleep produces cardiovascular dysfunctions in normal healthy individuals (Carrington and Trinder, [@B13]). Also, there is a remarkable decrease in the daytime performance of patients suffering from periodic leg movements disorder and central sleep apnea (which manifests fragmented nocturnal sleep) (Bonnet, [@B12]). Several reports suggest that disturbed sleep or no sleep after successful learning of a novel task causes reduction of performance because it impairs memory consolidation in rats (Smith and Rose, [@B65]; Chowdhury et al., [@B14]) as well as in humans (Stickgold et al., [@B67], [@B66]). Brain activity occurring during NREM sleep and REM sleep seems to be particularly important during the post-natal period for the development of neural circuitries (Marks et al., [@B43]; Frank et al., [@B20]; Jha et al., [@B27]; Aton et al., [@B6]). REM sleep loss during development decreases total brain mass later in life (Mirmiran et al., [@B47],[@B48]) and also abnormally alters neuronal excitability (Madan and Mallick, [@B39]), which may cause neuronal loss (Morrissey et al., [@B52]). Further, it has been noted that REM sleep and/or its associative components such as pontine P-wave density (PGO wave) are augmented following successful learning in the rat (Datta, [@B16]). Therefore, it seems that NREM and REM sleep have discrete functions and their enduring or partial loss may induce several deficits.

Sleep also plays an important role in the modulation of several physiological functions. Body physiology manifests dipping effects during NREM sleep and a mounting trend during REM sleep. For example, heart rate and blood pressure decrease during NREM sleep but increase during REM sleep (Verrier et al., [@B71]). Similarly body temperature also decreases during NREM sleep and goes up during REM sleep (McGinty and Szymusiak, [@B44]). Since metabolic activities descend during NREM sleep, one of the functions of sleep could be to conserve energy (Berger and Phillips, [@B10]). Ironically, NREM sleep dampens pulmonary ventilation, as a result decreasing blood pH significantly (Robin et al., [@B58]). The respiratory groups of neurons in the brainstem perceive the elevated hydrogen ion concentration through chemosensors and in turn accelerate pulmonary ventilation to help protect the neural damage from this altered pH. Therefore, it seems obligatory that the subject should go periodically into either wakefulness or REM sleep to help maintain physiological range of blood CO~2~. Since frequent arousal from sleep may not be physiologically and cognitively sustainable, intermittent REM sleep between NREM sleep would thus be favored to help maintain optimum CO~2~ level and long-lasting sleep periods.

Does Blood CO~2~ Level Variation Alter REM Sleep?
=================================================

If one of the functions of REM sleep is to help maintain normal blood CO~2~ level then one would assume that the expression of REM sleep amount and/or episode numbers in a subject would be in proportion to the concentration of blood CO~2~. In few investigations, the responses to hypercapnia (elevated level of blood CO~2~) and hypocapnia (reduced level of blood CO~2~) have been studied during different vigilant states. It has been observed that REM sleep helps regulate breathing response during altered blood CO~2~ level (Netick et al., [@B54]). During hypocapnia, REM sleep amount is decreased and the effect was entirely due to change in CO~2~ level but not due to any other non-specific reasons (Ryan et al., [@B59]; Lovering et al., [@B36], [@B37]). Further, it has also been observed that decrease in REM sleep amount correlates proportionally with a relative decrease in CO~2~ level (Lovering et al., [@B36]). On the other hand, with mild hypercapnia (2% increase in CO~2~ level in the inspired air), sleep amount significantly increased with concurrent increase in the number of REM sleep episodes (Fraigne et al., [@B19]). In contrast, acute hypercapnia (6% increase in CO~2~ level in the inspired air), significantly decreased sleep and induced awaking (Fraigne et al., [@B19]). The induced wakefulness during acute hypercapnia can help readjust blood CO~2~ rapidly to the normal level by inducing fast ventilatory responses. Therefore, it seems that moderately raised CO~2~ level (probably within a range of set points) enhances REM sleep while alarmingly increased CO~2~ level induces wakefulness.

Interestingly, some animals are reared with high CO~2~ content in their breathing air and they manifest proportionally very high REM sleep amount. For example, altricial babies of marsupials such as *Didelphis virginiana* receive high CO~2~ gas in their breathing air because the pouch environment is relatively high in CO~2~ and low in O~2~ concentration (Farber and Tenney, [@B18]). The CO~2~ concentration in the pouch increases as the young increases in age (Reynolds, [@B57]) and it is broadly known that marsupials (van Twyver and Allison, [@B70]) and their infants (Astic and Saucier, [@B2]) spend much of their time in REM sleep. Although the manifestation of high REM sleep amount in these animals could also be attributed to their phylogenetic status as it has been hypothesized that evolutionarily older mammals have REM sleep in high proportion (Jha et al., [@B26]). It is not yet clear why phylogenetically older mammals exhibit so much REM sleep, but one of the plausible reasons could be that these animals are reared in an environment where they are exposed to a very high CO~2~ concentration. These evidences indicate that change in blood CO~2~ concentration proportionally alters REM sleep and hence REM sleep might help in maintaining normocapnia for persistent and stable sleep.

How Does REM Sleep Contribute to These Effects?
===============================================

There are several chemosensory areas in the brain, which seem to play a specific role in ventilatory response during different vigilant states. For example, focal acidification of the nucleus tractus solitarius increased ventilation significantly both during sleep and wakefulness (Nattie and Li, [@B53]). On the other hand, acidosis in the retrotrapezoid nucleus increased breathing only during the waking period and not during sleep (Li et al., [@B35]). However, focal acidification of LC and medial raphe significantly induced ventilatory responses even in an anesthetized condition (Coates et al., [@B15]; Bernard et al., [@B11]). Additionally, these two areas play an important role in the modulation of REM sleep (Fuller et al., [@B22]; Jha and Mallick, [@B29]). These studies suggest that there are different brain areas, which play an important role in state specific modulation of breathing. In a recent study, it was found that the firing property of the medullary respiratory group of neurons increased significantly during REM sleep apnea (Orem et al., [@B55]). These neurons fired non-rhythmically at low CO~2~ but exhibited rhythmic firing pattern at high CO~2~ level during REM sleep (Orem et al., [@B55]). Brainstem LC and DRN aminergic neurons modulate the hypoglossal motoneurons, a key regulator of pharyngeal dilator muscle activity. It is believed that a decrement in the firing frequency of raphe and LC neurons during sleep could lead to disfacilitation of hypoglossal motoneurons, thereby contributing to pharyngeal collapse (White, [@B73]). It has been observed that CO~2~ concentration increased during sleep apnea (Klingelhofer et al., [@B32]), which may cause sleep fragmentation by stimulating LC neurons (Dean et al., [@B17]). Further, the breathing pattern during phasic-REM sleep (with abundant REM sleep associated bursts) remains irregular but it becomes regular during tonic-REM sleep (when REM sleep associated bursts are absent) (Krieger, [@B33]). Since the medullary respiratory group of neurons become extremely sensitive to CO~2~ level during REM sleep (Orem et al., [@B55]), the differential breathing pattern during phasic and tonic-REM sleep could be attributed to the discrete firing pattern of these neurons at different CO~2~ concentrations.

Some of the chemosensory neurons are electrically coupled and as a result fire together in a synchronous fashion (Andrzejewski et al., [@B1]). In one fascinating study, Dean et al. ([@B17]) simultaneously recorded two chemosensory neurons in LC in brain slice and observed that these neurons fire together in synchronous fashion (Figure [2](#F2){ref-type="fig"}). Further, they noticed that these neurons increased their firing rate with incrementing CO~2~ concentration and synchronous firing of both the neurons remains maintained (Dean et al., [@B17]). However, continued exposure of high CO~2~ concentration induced two discrete responses: (a) initially neurons lost their synchronous firing pattern, and later (b) the firing rate was completely abolished (Figure [2](#F2){ref-type="fig"}) (Dean et al., [@B17]). These neurons nevertheless regained their spontaneous activity, once the normal CO~2~ level was restored. These finding thus suggest that if higher CO~2~ concentration persists, it initially uncouples the LC neural network and subsequently turns them off. Although it is not known if some of the chemosensory neurons are also part of the REM sleep executive machinery, given the total number of 1500 densely packed cells in each side of LC (Aston-Jones et al., [@B5]), it would be reasonable to presume that some chemosensory cells could be REM-OFF type and can be turned silent if hypercapnia continues. It is also possible that chemosensory cells may directly modulate REM-OFF cells through gap junctions. Anions may spill over to REM-OFF cells from the hyperpolarized chemosensory cells and turn them off during sustained hypercapnia.

![**Firing patterns of LC neurons at different CO~2~ levels in slice preparation**. Increased CO~2~ level from **(A)** 5% control level to **(B)** 10% level for 20 min and **(C)** 50% for 2 min induced a graded stimulation of firing rate which remained synchronized between two neurons; **(D)** Prolonged exposure to 50% CO~2~ for 4 min disrupted synchronized firing; while **(E)** a continued exposure to 50% CO~2~ for 20 min completely hyperpolarized one of the cells; **(F)** The same neurons resumed their firing rate after exposing them to 5% CO~2~ for 22 min, although the lost synchrony was not regained. (Figure taken from Dean et al., [@B17]; after obtaining copyright permission from the Copyright clearance center, Elsevier Limited, UK through license number: 2820791193001).](fneur-03-00019-g002){#F2}

Is Silencing of LC REM-OFF Neurons Obligatory for REM Sleep Generation?
=======================================================================

The widely accepted reciprocal inhibitory model of REM sleep regulation suggests that REM-OFF neurons of LC are the key regulators of REM sleep (Hobson et al., [@B25]; Mallick et al., [@B40]; Fuller et al., [@B22]). The LC contains REM-OFF neurons, which do not fire during REM sleep (Aston-Jones and Bloom, [@B3]) and remain highly active during REM sleep deprivation (Mallick et al., [@B41]). It was proposed that if these neurons are kept persistently active, it should prevent REM sleep generation. Based on this preposition, the obtained results demonstrate that when the LC was stimulated bilaterally with mild, low intensity, and low frequency electrical pulses (an average frequency at which LC neurons normally fire), REM sleep was significantly reduced (Singh and Mallick, [@B64]). REM sleep remained suppressed throughout the period of stimulation (8 h) and when the stimulation was terminated, it attained normal level with a rebound increase (Singh and Mallick, [@B64]). Further, it was observed that the effect of electrical stimulation was annulled in the presence of NE-ergic antagonist, which suggests the activity dependent role of LC NE-ergic neurons in the generation of REM sleep (Mallick et al., [@B42]). It was also found that when these neurons were stimulated pharmacologically using microinjection of picrotoxin (a GABA-A receptor antagonist) in LC, REM sleep was reduced (Kaur et al., [@B31]). These effects were so pronounced that six such microinjections of picrotoxin into the LC at an interval of every 6 h for 36 h, kept REM sleep inhibited (Kaur et al., [@B30]). In addition to LC, REM-OFF neurons have been characterized in DRN (Trulson and Jacobs, [@B69]). Similar to LC neurons, activation of DRN neurons also inhibits REM-ON neurons and REM sleep (Monti and Monti, [@B49]; Jha et al., [@B28]) suggesting that if the REM-OFF neurons are kept active, it would not allow REM sleep to occur normally. These findings thus strongly support the view that REM-OFF neurons must be silent for REM sleep to occur.

How Do LC REM-OFF Neurons Hyperpolarize during REM Sleep?
=========================================================

An elevated CO~2~ level sustained for a while during the stable and lengthy episodes of NREM sleep may switch off LC REM-OFF neurons for REM sleep genesis. Two populations of LC neurons which exhibit different types of activity patterns or modes (phasic and tonic mode), may differentially be associated with the regulation of attention and vigilance states (Aston-Jones and Cohen, [@B4]). In addition, LC neurons also show differential responses to hypoxia; some get hyperpolarized and some others get depolarized during a brief period of hypoxia (Yang et al., [@B74]). It is not known, however, if these two neuronal populations belong to morphologically two distinct groups that release completely different or perhaps similar neurotransmitters. Further, Dean et al. ([@B17]) have found that sustained hypercapnia induced two discrete responses in LC neurons: initially, it dissociated the synchronous firing of the chemosensory neurons, and shortly after, it hyperpolarized the chemosensory neurons while hypercapnia lasted. Similar to hypercapnic conditions, some LC neurons also become completely hyperpolarized during REM sleep (Hobson et al., [@B24], [@B25]; Sakai and Koyama, [@B61]). These findings clearly demonstrate that LC neurons are completely hyperpolarized under two conditions; one during hypercapnia and another during REM sleep. Therefore, it is possible that the elevated CO~2~ level within a set range during stable NREM sleep episodes may hyperpolarize REM-OFF neurons. As mentioned earlier, the cessation of LC REM-OFF neurons is pre-requisite for REM sleep to occur, which can possibly be attributed to the altered level of CO~2~ in LC during a stable NREM sleep period. Since LC neurons modulate the brainstem inspiratory neurons via an excitatory drive (Hakuno et al., [@B23]), we reason that the group of neurons depolarized during hypoxia and/or hypercapnia would be associated with an intrinsic excitatory drive to help maintain the increased breathing pattern during REM sleep. These findings suggest that an obligatory condition for REM sleep genesis, i.e., *the complete cessation of REM-OFF neurons* is possibly accomplished through hypercapnic conditions during NREM sleep. This raises a further question, however, "does NREM sleep determine the timing and duration of REM sleep"?

Although the timing and distribution of REM sleep occurrence could be regulated by several homeostatic and circadian factors (Franken, [@B21]), it has been argued that the accumulation of REM sleep propensity during NREM sleep period also determines the occurrence of REM sleep timing (Benington and Heller, [@B9]). It has been observed that the duration of NREM sleep episodes is positively correlated with prior REM sleep episode duration (Benington and Heller, [@B8],[@B9]). These studies suggest that the long NREM sleep episodes may progress toward REM sleep and sufficiently long REM sleep episodes may restore a stable NREM sleep episode, otherwise it may terminate into wakefulness. It can thus reasonably be said that the CO~2~ level during sleep could be one of the determinants that plays a permissive role for the state transformation from NREM sleep to REM sleep to wakefulness or NREM sleep to wakefulness. If CO~2~ level during NREM sleep increases moderately then it may progress to REM sleep otherwise sharply increased CO~2~ level would induce wakefulness. Further, if CO~2~ level is brought back to normal at the end of REM sleep, it would induce another stable NREM sleep episode or else REM sleep would be terminated into wakefulness.

Conclusion
==========

Several evidences clearly suggest that REM sleep begins when LC REM-OFF neurons are hyperpolarized, a condition that seems to be notably permissible for REM sleep. LC neurons also play an important role in breathing pattern during REM sleep. Permanent lesioning of LC neurons increases breathing variability only during REM sleep and not in any other vigilant state. This suggests that LC neurons help modulate REM sleep-dependent breathing patterns (Li and Nattie, [@B34]). Also, LC neurons are highly responsive to changes in CO~2~, hence it is considered to be one of the many putative central chemoreceptor sites. A different group of LC neurons is hyperpolarized with increased CO~2~, while another group (REM-OFF neurons) gets hyperpolarized during REM sleep. We propose that some of the chemosensory neurons could also be REM-OFF type and a moderately elevated CO~2~ level can hyperpolarize them. However, it needs to be investigated in depth (i) if the majority of REM-OFF cells in LC are also chemosensory neurons; (ii) the alteration of CO~2~ level in and around LC during NREM and REM sleep; (iii) if blocking of hydrogen pump/exchanger in LC alters REM sleep. But given the facts that (i) change in CO~2~ level alters REM sleep (Ryan et al., [@B59]; Lovering et al., [@B36], [@B37]), (ii) LC plays an important role in the regulation of REM sleep (Hobson et al., [@B24]; Jha and Mallick, [@B29]) and breathing patterns (Orem et al., [@B55]; Dean et al., [@B17]; Viemari, [@B72]), (iii) majority of LC neurons are highly responsive to the changes in CO~2~ level (Orem et al., [@B55]; Dean et al., [@B17]), and (iv) CO~2~ significantly increases during NREM sleep (Robin et al., [@B58]); we hypothesize that LC REM-OFF cells are hyperpolarized by elevated CO~2~ level during stable NREM sleep, a condition that permits REM sleep to occur.
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